To explore functional domains in the hepatitis B virus (HBV) polymerase, two naturally occurring HBV isolates (56 and 2-18) with 98.7% nucleic acid sequence homology but different replication efficiencies were studied. After transfection into HepG2 cells, HBV DNA isolated from intracellular virus core particles was much higher in 56-transfected cells than in cells transfected with 2-18. The structural basis for the difference in replication efficiency between these two isolates was studied by functional domain gene substitution. The complete polymerase (P) gene and its gene segments coding for the terminal protein (TP), spacer (SP), reverse transcriptase (RT), and RNase H in 2-18 were separately replaced with their counterparts from 56 to construct full-length chimeric genomes. Cell transfection analysis revealed that substitution of the complete P gene of 2-18 with the P gene from 56 slightly enhanced viral replication. The only chimeric genome that regained the high replication efficiency of the original 56 isolate was the one with substitution of the RT gene of 2-18 with that from 56. Within the RT region, amino acid differences between isolates 2-18 and 56 were located at positions 617 (methionine versus leucine), 652 (serine versus proline), and 682 (valine versus leucine). Point mutation identified amino acid 652 as being responsible for the difference in replication efficiency. Homologous modeling studies of the HBV RT domain suggest that the mutation of residue 652 from proline to serine might affect the conformation of HBV RT which interacts with the template-primer, leading to impaired polymerase activity.
Hepatitis B virus (HBV) infection results in a broad spectrum of clinical manifestations, including asymptomatic carriage, acute self-limited hepatitis, chronic hepatitis, and fulminant hepatitis. Variability in host immune response is mainly responsible for the diverse clinical manifestations, but viral mutations may also affect the clinical course of HBV infection (11) . Enhanced replication efficiency of HBV variants could lead to increased viral virulence associated with high virus load in the host, which may influence the response to treatment. Despite containing a DNA genome, HBV replicates via a reverse transcription process, using the polymerase encoded by its own genome (4) . This polymerase, designated P, is composed of four domains (18) . Starting from the N terminus, they are (i) the terminal protein (TP), which becomes covalently linked to the negative-strand DNA to initiate reverse transcription; (ii) the spacer, which has not been associated with a specific function and is tolerant to mutations; (iii) the reverse transcriptase (RT), which contains the YMDD consensus motif that is also found in human immunodeficiency virus type 1 (HIV-1) reverse transcriptase; and (iv) RNase H, which digests the RNA in RNA-DNA hybrids. Studies have shown that the replication of the HBV genome is a complex process involving a priming reaction, translocation of complementary sequences, reverse transcription, and second-strand DNA synthesis (16, 19, 20) .
Two main experimental approaches have been used to investigate the functions of HBV polymerase. One is the molecular approach, which consists of developing systems for direct analysis of full-length polymerase function in the absence of viral replication and other viral proteins (2, 3, 13) , and transcomplementation studies between functional segments of HBV polymerase (14, 15) . The other is the clinical approach, which consists of structural and functional analysis of HBV P genes in various naturally occurring HBV strains from infected patients. A nonreplicative HBV mutant with a single amino acid change in the TP domain of HBV polymerase has been reported (5) . Different types of HBV splice variants have been described in HBV-infected patients under immunosuppressive treatment (10) , and HBV core internal deletion mutations that inhibited the replication of wild-type virus have also been described (22) .
In cells, replication of HBV not only requires a functional active polymerase, but also depends on host factors that can interact with various elements in the viral genome and viral proteins. Therefore, the most authentic system in which to study HBV polymerase function would involve full-length genome replication in liver-derived cells. The approach of amplifying full-length HBV genomes from serum or tissues of HBV-infected patients followed by hepatic cell line transfection (10) provided an excellent platform for studying the functional diversity of HBV polymerase from naturally occurring strains.
In a study of the biological properties of various HBV isolates, we have come across two isolates with high nucleotide sequence homology but marked difference in their replication efficiency (21) . In the current study, we used gene segment substitution to generate chimeric HBV genomes and identified an amino acid in the RT domain which affected the efficiency of intracellular replication of HBV.
MATERIALS AND METHODS
Full-length HBV genome cloning. Six HBV DNA-positive serum or liver tissue samples from chronic hepatitis B patients or hepatocellular carcinoma patients were collected (14, 16, 2-18, 20, 56 , and 97). Full-length HBV genomes were separately amplified by PCR, followed by cloning into vector pUC18 via the SstI restriction site as described by Günther et al. (10) . These six HBV DNA genomes were sequenced separately (GenBank accession numbers: 2-18, AF100308; 56, AF100309; 14, 16, 20, and 97 have been submitted and accession numbers are pending).
Cell culture and transfection. HepG2 cells were cultured in Dulbecco's modified Eagle's medium with penicillin (100 U/ml) and streptomycin (100 g/ml), supplemented with 10% fetal calf serum. Recombinant plasmid DNA used for transfection was extracted and purified with the Qiagen Maxiprep kits, and HBV DNA was released from the recombinant plasmids by digestion with SapI at 1 U of enzyme/g of DNA for 16 h, followed by extraction and purification. HBV DNA (25 g) from each clone was used to transfect HepG2 cells in 60-mm plates using the calcium phosphate precipitation method as reported previously (21) . Duplicate plates were used for all samples, and 10 g of reporter plasmid DNA expressing secreted alkaline phosphatase (SEAP) was cotransfected into each culture as an internal control to normalize the transfection efficiency among plates. Cells were collected separately 72 h after transfection, which has been shown previously to be the appropriate time for monitoring replication efficiency and expression of antigens by HBV isolates in this laboratory. Vector pUC18 DNA was used as a mock transfection control. Transfection experiments were done twice, repeated on separate days.
Purification of HBV DNA from intracellular core particles. As reported by Günther et al. (10) , with some modifications, cells were washed twice with chilled phosphate-buffered saline buffer and lysed with 600 l of lysing buffer (10 mM Tris-HCl [pH 7.9], 1 mm EDTA, 1% NP-40, 8% sucrose). After centrifugation at 12,000 ϫ g for 2 min, cleared supernatants were collected, and 6 l of 1 M magnesium acetate (MgOAc), 12 l of 5-mg/ml DNase I, and 3 l of 20-mg/ml RNase A were added, followed by incubation at 37°C for 30 min to digest remaining DNA and RNA. After a quick spin at 12,000 ϫ g for 1 min, supernatants were collected, 16 l of 0.5 M EDTA and 130 l of 35% polyethylene glycol 8000 in 1.75 M NaCl were added, and the mixture was kept on ice for 1 h to precipitate core particles. After spinning at 9,000 ϫ g for 5 min, pellets were resuspended in 100 l of buffer with DNase I (10 mM Tris-HCl [pH 7.9], 6 mM MgOAc, 0.1 g of DNase I per g) and incubated at 37°C for 10 min to ensure digestion of any remaining DNA used for transfection. The resuspended core particles were digested with proteinase K at 1 mg/ml in 0.5% sodium dodecyl sulfate at 37°C for 5 h. Nucleic acids were extracted with phenol-chloroform (1:1) once and chloroform once and precipitated with ethanol.
Southern blot and HBV DNA hybridization. The amount of HBV DNA extracted from intracellular cores from each plate of transfected cells was normalized using the expression of SEAP by enzyme-linked immunosorbent assay as an internal control. After electrophoresis in a 1.2% agarose gel, HBV core DNA was blotted onto a Hybond N ϩ nylon membrane. Twenty-five nanograms of cloned full-length HBV DNA (adr subtype) was labeled by random primer with [ 32 P]dCTP and used as the probe for hybridization. The signals were detected by autoradiography and scanned with densitometry for semiquantification of the intensity of signals. Source of HBV DNA used for construction of chimeric genomes. Two fulllength HBV genomes (56 and 2-18) which showed 98.7% nucleotide sequence homology but high (no. 56) and low (no. 2-18) replication efficiencies were used for the construction of chimeric genomes.
Construction of chimeric genomes based on p2-18 with the polymerase gene or its functional domain fragments replaced with counterparts from p56. (i) Search for the boundaries of functional regions. The P gene sequences of 2-18 and 56 were analyzed for DNA homology by Vector NTI Suite 5.5 AlignX software to identify boundaries of the functional regions to be replaced. In order to detect a significant change in the replication efficiency of the chimeric constructs, replacement of genes from the high-replication-efficiency isolate into the low-replication-efficiency isolate was preferred. Therefore, p2-18 (a pUC18 backbone containing the full-length HBV DNA from strain 2-18 with low replication efficiency) was used as the acceptor, while p56 with high replication efficiency was used as the donor. For identification of the roles played by each of the four functional regions of the P gene, putative segments coding for terminal protein, spacer, RT/DNA polymerase, and RNase H in 2-18 were individually replaced with their counterparts from 56. The schematic diagram of the strategy used for replacement is shown in Fig. 1 .
After the search, because of the limited number of restriction sites available, we adopted fusion PCR combined with enzyme digestion to achieve gene replacement in most cases. , and 2-18RT 56 are 2-18 chimeric genomes in which the complete P gene or each of the functional regions of the P gene, namely, spacer, TP, RNase H, and RT, was replaced with either the complete P gene or each of its counterparts from 56. 56RT
2-18 is a 56 HBV chimeric genome in which the RT region of the P gene was replaced with its 2-18 counterpart.
(ii) Construction of chimeric genomes. To construct recombinant vector p2-18TP 56 , in which the TP region of the P gene of 2-18 was replaced with the TP region from 56, two pairs of primers were used: primer P1 (pUC reverse universal primer), 5Ј-AGCGGATAACAATTTCACACAGGA-3Ј, and primer P2, 5Ј-AGACCACCAAATGCCCCTATC-3Ј (nucleotides [nt] 2299 to 2319); and primer P5, 5Ј-GATAGGGGCATTTGGTGGTCT-3Ј (nt 2319 to 2299, complementary to primer P2), and primer P6, 5Ј-CTGAGTTGGCTTTGAAGCAG G-3Ј (nt 2971 to 2948). Primers P1 and P5 were used to amplify the 5Ј-flanking region of the P gene of p2-18 DNA, and primers P2 and P6 were used to amplify the TP region (nt 2309 to 2843) of p56 DNA. The two amplified fragments were annealed and fused by PCR with primers P1 and P6. The fused fragment was digested with EcoRI and BstEII and used to replace the EcoRI-BstEII fragment of p2-18 (Fig. 2.) .
For the construction of p2-18P 56 , in which the complete P gene of 2-18 was replaced with that of 56, the BstEII-RsrII (nt 1573 to 2817) fragment of the P gene of p56 was recovered and ligated into p2-18P from which the BstEII-RsrII fragment had been removed (Fig. 2) .
For the construction of p2-18SP 56 , in which the spacer region of 2-18 was replaced with the spacer region of 56, the BstEII-SpeI (nt 2817 to 681) fragment of the P gene of p2-18 was removed and replaced with its counterpart from p56 (Fig. 2) .
For the construction of p2-18RT 56 , in which the reverse transcriptase region of the P gene of 2-18 was replaced with the same region of 56, two sets of primers were used: primer P3, 5Ј-CAAGGTATGTTGCCCGTTTGTCCTC-3Ј (nt 457 to 481); primer P4, 5Ј-CCTTTACCCCGTTGCTC-3Ј (nt 1139 to 1158); primer P7, 5Ј-GAGCAACGGGGTAAAGGTTC-3Ј (nt 1158 to 1139, complementary to primer P4); and primer P8, 5Ј-GTTCACGGTGGTCTCCAT-3Ј (nt 1610 to 1627). Primers P4 and P8 were used to amplify the RNase H region of the P gene of p2-18 DNA, while primers P3 and P7 were used to amplify the RT region (nt 854 to 1183) of p56 DNA. The two amplified fragments were annealed and fused by PCR with primers P3 and P8. The fused fragment was digested with SpeI and RsrII and used to replace the SpeI-RsrII fragment of p2-18 (Fig. 2) .
The procedure used to construct p2-18RNaseH 56 , in which the RNase H region of the P gene of 2-18 was replaced with that of 56, was similar to the procedure for constructing p2-18RT 56 . However, primers P4 and P8 were used to amplify the RNase H region of the P gene of p2-18 DNA, and primers P3 and P7 were used to amplify the RT region (nt 854 to 1183) of p56 DNA.
Construction of chimeric genomes based on p56 with the RT domain replaced with its counterpart from p2-18. To confirm the critical role played by the RT region of the P gene, the RT region of 56 was replaced with its counterpart from 2-18. The procedure for construction of recombinant p56RT [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] , in which the RT region of 56 was replaced with that of 2-18, was similar to that for p2-18RNaseH 56 . Replacement of amino acid in RT region of 2-18 with the 56 counterpart. Based on the results obtained by substitution of the RT gene in p2-18 with that from p56 (see Results below), three site-directed mutants were generated. To construct recombinant p2-18 617Met3Leu at amino acid 617, p2-18 652Ser3Pro at amino acid 652, and p2-18 682Val3Leu at amino acid 682, PCR-based site-directed mutagenesis was used to create the mutations at the corresponding nucleotides, nt 942, 1047, and 1137, respectively. The sequences of the primers used and their positions are shown in Table 1 .
Homologous modeling studies of HBV RT. In order to predict the difference in replication efficiency between isolates 56 and 2-18 at the three-dimensional structural level, homologous modeling studies of HBV polymerase were based FIG. 2. p2-18 and p56 are pUC18 recombinant plasmids containing either full-length HBV strain 2-18 or 56 cloned at the SstI site. The polymerase gene, ranging from nt 2309 to 1625, consists of four functional regions, TP (terminal protein), spacer, RT/DNA polymerase (DNAP), and RNase H. The 5Ј border of the TP region, 3Ј border of TP/5Ј border of spacer, 3Ј border of spacer/5Ј border of RT/DNA polymerase, 3Ј border of RT/DNA polymerase/5Ј border of RNase H, and 3Ј border of the RNase H region are located at nt 2309, 2843, 135, 1168, and 1625, respectively, and are indicated by vertical bars. Gray boxes indicate consensus regions flanking the borders of functional regions, and the nucleotide positions are shown. P1 is the pUC18 reverse universal primer, and P2 to P8 are primers located in the consensus regions. P1, P2, P5, and P6 were used for construction of the TP chimera of the P gene, whereas P3, P4, P7, and P8 were used for the construction of the RT/DNA polymerase and RNase H chimeras. The sequences of these primers are given in the text.
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SINGLE AMINO ACID IN RT AFFECTS HBV REPLICATIONon the work reported by Das et al. (7), but the sequence alignment between HBV RT and HIV RT was modified. A homologous model of HBV RT using HIV-1 RT (13), Moloney murine leukemia virus RT (9), and hepatitis C virus polymerase (1, 6) as modeling templates was constructed, which covered amino acid residues 319 to 700, comprising the entire RT domain of HBV polymerase. The HBV RT was modeled in a conformation similar to that of other viral polymerases or RTs, with the nucleic acid substrate-binding cleft defined by structural elements from the fingers, palm, and thumb subdomains. The DNA template-primer was docked into the model based on the crystal structure of the HIV-1 RT/DNA binary complex (8) and HIV-1 RT/DNA/deoxynucleoside triphosphate ternary complex.
RESULTS

Replication efficiency of six different HBV isolates.
The replication efficiency of the six HBV isolates was compared by the semiquantification of scanned intensity of signals detected by autoradiography. Setting the value for the isolate with the lowest replication efficiency (2-18) at 1, the relative intensities of the other isolates, 14, 16, 20, 56, and 97, were 32, 32, 21, 32, and 41, respectively.
Because 56 and 2-18 showed 98.7% nucleotide sequence homology (21) , and restriction sites between these two isolates were matched, these two isolates were selected to construct chimeric genomes for structural analysis of differences in replication efficiency.
DNA homology and consensus boundary analysis of P gene between 56 and 2-18. DNA homology analysis (Vector NTI Suite 5.5 AlignX software) indicated that there were 15 predicted amino acid differences between the polymerase genes of 2-18 and 56 (Table 2) .
Consensus regions for both isolates flanking the boundaries of all four functional regions of the polymerase gene are shown in Fig. 2 . Three restriction sites within these consensus regions suitable for cloning were BstEII (nt 2817), SpeI (nt 681), and RsrII (nt 1573). Based on this analysis, procedures to generate chimeric HBV genomes were designed, and five chimeric genomes that replaced either the complete P gene or each of its functional domain gene fragments were successfully constructed and confirmed by restriction enzyme analysis and sequencing.
Replication efficiency of 2-18 HBV chimeric genomes with functional domain genes replaced with 56 counterparts. The hybridization signals of HBV DNA isolated from intracellular core particles in transfected cells were markedly different among the five constructs used for transfection (Fig. 3) . As controls, 56 showed strong hybridization signals indicating a high replication efficiency, while with 2-18 the hybridization signal could barely be seen, indicating a low replication efficiency. When the spacer region of the P gene or the complete P gene of 2-18 was replaced with that of 56, the chimeric genome showed slightly enhanced replication compared to the original 2-18 (ratio of intensity, 5 versus 1). However, the HBV DNA hybridization signal was markedly increased in cells transfected with the chimeric genome 2-18RT 56 , in which the gene fragment coding for the reverse transcriptase region of 2-18 was replaced with the counterpart from 56 (ratio of intensity, 26 versus 1). Other chimeric genome constructs showed no enhanced replication in this study. These results indicate that the RT gene of 56 was critical for the high replication efficiency of this isolate.
Replication efficiency of 56 HBV chimeric genome with RT replaced with its 2-18 counterpart. Conversely, the replication efficiency of 56RT [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] , in which the RT region of the P gene of 56 was replaced with the 2-18 counterpart, was reduced compared to 56 (Fig. 4) . The ratio of intensity of hybridization signals between 56RT 2-18 and 56 was 1:3.5, as assayed by densitometry.
Replication efficiency of site-directed RT domain mutants. Among three site-directed mutants (2-18RT 617 , 2-18RT 652 , and 2-18RT 682 ) in which each of the amino acids at the 617, 652, and 682 position of the RT region of 2-18 was replaced with its 56 counterpart and studied by cell transfection, only 2-18RT 652 showed enhanced replication efficiency, with an intensity of hybridization signal similar to that of 2-18RT 56 (Fig.  5) .
Structural analysis of mutations in HBV RT domain. Computer-based structural analysis predicted that residue 617 was located at the loop connecting the palm subdomain and the thumb domain and would have no contact with any important structural element of the protein and the DNA substrate. Similarly, residue 682 was predicted to be located in the middle of the third ␣-helix of the subdomain and oriented toward the outer surface of the protein, which would not have significant impact on the interaction between RT and DNA. In contrast, residue 652 was predicted to be located at the connecting loop between two ␣-helices. Alteration of residue 652 from proline to serine might affect the precise conformation of the two helices and their interactions with the DNA template-primer, which might impair the polymerase activity (Fig. 6) .
DISCUSSION
Functional domains of the HBV P gene product have been identified by mutational analysis and transient expression in cells by Radziwill et al. (18) . Alignment of the amino acid sequences of the three enzymatic domains (TP, RT, and RNase H) with similar enzymes from other retroviruses and hepadnaviruses revealed conserved and consensus regions which were considered important motifs. To date, all attempts at expression and production of large amounts of functionally active forms of HBV polymerase in animal cells or prokaryotic cells have been unsuccessful. Therefore, detailed functional analysis of HBV P protein has been hampered.
Since HBV replication has a unique strategy and molecular mechanism, it is speculated that there may be specific functional domains in HBV P protein which are not shared by other viruses. To explore novel functional domains or residues of HBV P protein, we used the chimeric genomic cell transfection analysis method. Among six full-length naturally occurring HBV isolates, we selected isolates 2-18 and 56 because they had highly homologous nucleotide sequences, making it possible to perform the domain-swapping experiments. Studies were designed to use only the HBV genome for cell transfection, without any exogenous plasmid sequences which might interfere with the replication efficiency of isolates. In addition, substitutions of the P gene or the gene fragments coding for the putative functional domains were all carried out between two naturally occurring HBV genomes. Therefore, the results obtained in this cell transfection study would correlate with the replication efficiency of the virus in vivo and could reveal possible novel functional residues in HBV P protein.
In this study we have shown that when amino acid 652 was changed from serine to proline, HBV replication efficiency was enhanced, and replication efficiency was decreased by the converse change. In the four other isolates (14, 16, 20 , and 97) that we studied, the amino acid at 652 was always proline. Hasegawa et al. (12) have reported enhanced replication of an HBV mutant associated with an epidemic of fulminant hepatitis. The amino acid at 652 in that strain of HBV was proline. A search of GenBank for HBV RT sequences showed that the consensus residue at 652 was proline. The counterpart of 652 is also FIG. 4 . 56RT [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] is an HBV chimeric genome in which the RT region of the P gene was replaced with its 2-18 counterpart. Intensity of hybridization signal was measured by densitometry, and the relative intensity of samples is indicated at the bottom. Lane M, molecular size standards.
FIG. 5. 2-18 617Met3Leu
, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] , and 2-18 682Val3Leu are 2-18 HBV chimeric genomes in which the nucleotide sequences coding for amino acids at positions 617, 652, and 682 within the RT region were each mutated to change the amino acid to the corresponding amino acid of isolate 56. Intensity of hybridization signal was measured by densitometry. The intensity of signal of 2-18RT 652Ser3Pro was similar to that of , in which the RT region of 2-18 was replaced with its 56 counterpart. Lane M, molecular size standards.
proline in HIV-1 RT. Therefore, one may consider 56 as representing a wild-type virus and 2-18 as a mutant with a substitution of proline by serine at amino acid 652. This substitution resulted in decreased replication efficiency.
Interestingly, this substitution only regulated the relative replication efficiency of the virus strain, in contrast to a mutation in TP, which abolished virus replication (5). It is intriguing that a virus strain with decreased replication efficiency could persist during natural infection. Since host immune responses are highly relevant in HBV infections, this virus strain could persist in a host with decreased immune responses. Unfortunately, it was not possible to study the immune responses in the patient.
In this study, when the complete P gene of 56 replaced the complete P gene of 2-18, although enhanced replication was observed, it was not as marked as that when only the RT gene fragment was replaced. It is tempting to speculate that there might be replication-inhibitory functional domains in fragments of the HBV P gene which counteracted the replicationenhancing effect of amino acid 652 in the RT region. Besides, in this study, substitution of the spacer region from 56 for that of 2-18 also slightly enhanced replication efficiency. Recently, Landford et al. (15) reported that a portion of the spacer domain was required for both TP and RT function and residues 300 to 334 were identified as the minimal portion of the spacer domain. A substitution was found at residue 300 in the spacer region between 2-18 and 56 (Table 2 , from histidine to arginine), which could be associated with the slightly enhanced replication efficiency.
The mechanism of the change in replication efficiency caused by changing the residue at amino acid position 652 is not clear. However, computer modeling suggested that residue 652 was located at the connecting loop between two ␣-helices of the thumb subdomain, equivalent to ␣-helices H and I in HIV-1 RT. In HIV, ␣-helices H and I interact extensively with the DNA template-primer substrate (8) . It was suggested that these two helices form part of a translocation track that controls and modulates the relative movements of polymerase. During the polymerization reaction, the template-primer has to translocate after incorporation of each nucleotide. The polymerase should have the flexibility to allow the translocation of the template-primer but still maintain the precise positioning of the template-primer relative to the polymerase active site. It is speculated that in the HBV RT, proline has a rigid conformation with less flexibility, and this rigidity might be necessary to constrain the relative conformation and/or positions of the two helices. Mutation from proline to serine at residue 652 could disrupt this constraint, allowing more flexibility and thus affecting the polymerase activity.
Although HBV is recognized as a noncytopathic virus, enhanced viral replication could contribute to the pathogenesis of liver disease in several aspects. First, enhanced virus replication can lead to an increased number of hepatocytes being infected, resulting in more severe hepatocellular injury mediated by host immune responses. Second, antiviral-drug-resistant mutants could be selected in higher frequency among patients with a high virus load. Third, a higher potential could arise for emergence of viral mutants with altered biological characteristics and for higher incidences of random integration of viral DNA into the host genome. In general, enhanced replication has been associated with increased virulence with other viruses. Therefore, studies on the regulatory mechanisms of the replication efficiency of HBV are of importance.
The polymerase of HBV has been the essential target for development of anti-HBV drugs, and most studies have focused on the common and conserved functional domains at the active site of RT shared with other known viruses. Our finding of the replication-enhancing or -decreasing effect of amino acid 652 in the RT region provides the clue that there could be other functional domains outside the A-E functional domains FIG. 6 . Ribbon diagram showing the three-dimensional model of the RT domain of HBV polymerase (residues 319 to 700). HBV RT is composed of three subdomains, fingers (319 to 400 and 451 to 515, in blue), palm (401 to 450 and 516 to 610, in red), and thumb (611 to 700, in green). A docked template-primer double-stranded DNA is shown as a ribbon, with the template in magenta and the primer in cyan. The three catalytically essential aspartic acid residues, Asp429, Asp551, and Asp552, are shown with side chains. The locations of the mutations are indicated with gold balls.
predicted by amino acid alignment (17) . Novel functional domains revealed in naturally occurring HBV strains could better resemble the situation in patients and thus could become new targets for development of antiviral drugs. Whether changes from proline to other amino acids at 652 would also affect virus replication is currently under study. Research aimed at elucidating the functional domains at and around this residue is also being conducted.
